The liquid/vapor interface of the aqueous solutions of HCN of different concentrations has been investigated using molecular dynamics simulation and intrinsic surface analysis.
Abstract:
The liquid/vapor interface of the aqueous solutions of HCN of different concentrations has been investigated using molecular dynamics simulation and intrinsic surface analysis.
Although HCN is fully miscible with water, strong interfacial adsorption of HCN is observed at the surface of its aqueous solutions, and, at the liquid surface, the HCN molecules tend to be located even at the outer edge of the surface layer. It turns out that in dilute systems the HCN concentration can be about an order of magnitude larger in the surface layer than in the bulk liquid phase. Furthermore, HCN molecules show a strong lateral self-association behavior at the liquid surface, forming thus floating HCN patches at the surface of their aqueous solutions. Moreover, HCN molecules are staying, on average, an order of magnitude longer at the liquid surface than water molecules, and this behavior is more pronounced at smaller HCN concentrations. Due to this enhanced dynamic stability, the floating HCN patches can provide excellent spots for polymerization of HCN, which can be the key step in the prebiotic synthesis of partially water soluble adenine. All these findings make the hypothesis of 'HCN World' more plausible.
Introduction
Atmospheric hydrogen cyanide (HCN), a simple endothermic species, is produced primarily in biomass burning as a result of pyrolysis of N-containing compounds. Although the high natural variability in HCN emissions even within a single or similar fire types, it is often used as a tracer of pollution originating from wildfires[!1 -3] The aforementioned formation of HCN by lightning does not only occur in the modern atmosphere, but happened also in the atmosphere of prebiotic Earth. The pioneering experiment by Miller and Urey, [!13] in which amino acids are readily formed from methane, ammonia and water subjected to electric discharges, has naturally strengthened the widespread assumption that the original formation of primitive proteins occurred through the polycondensation of these monomers, although the amino acids are actually secondary products arising from polypeptides formed by way of polymerization of HCN. properties that can be relevant in respect of a possible HCN oligomerization at the surface of its dilute aqueous solution. The results obtained for the first molecular layer beneath the liquid surface is also compared to those obtained for the subsequent subsurface molecular layers.
The paper is organized as follows. In section 2 details of the computer simulations and ITIM analyses performed are given. The obtained results, concerning both the properties of the entire surface layer and also those of the molecules belonging to it are presented and detailed in section 3. Finally, in section 4 the main conclusions of this study are summarized, and the relevance of the present results in respect of the possible polymerization of HCN under prebiotic conditions is addressed. The total potential energy of the system has been calculated as the sum of the interaction energies of all molecule pairs; and the interaction energy of molecule i and j, u ij , has been calculated as 
Computational Details
The interaction parameters q, σ and ε corresponding to the different sites of the HCN and water models used are collected in The simulations have been performed by the GROMACS 4.5.5 program package.
[!63] The temperature of the system has been controlled using the Nosé-Hoover thermostat.
[ Table 1 ).
Finally, by disregarding the molecules identified as forming the surface layer and repeating the entire procedure twice more the molecules forming the second and the third layer beneath the liquid surface have also been identified. An equilibrium snapshot of the 20% HCN system, indicating also the molecules forming the first three subsurface molecular layers as identified by ITIM, is shown in Figure 1 . The multilayer adsorption of acetonitrile at the surface of its aqueous solutions was attributed to the dominance of dipolar interaction between the molecules at the vicinity of the interface.
[!36] Dipolar interactions can well be behind the multilayer adsorption behavior observed for HCN solutions, as well. This point is further addressed in a following subsection.
Comparing the mass density profiles of the entire systems with those of the first layers ( Fig. 2 ) it is seen that the first layer density peak extends well beyond the point where the density of the entire system already reaches the constant, bulk liquid phase value. This means that defining the interfacial region in the non-intrinsic way, i.e., as a Table 3 . It is seen that, unlike in neat water, the first layer is always noticeably wider than the subsequent ones in HCN solutions, and this difference increases from about 2-3% to 6-8% with increasing HCN concentration. On the other hand, no tendentious difference is seen between the widths of the second and third subsurface molecular layers. Further, with increasing HCN concentration all the three subsurface layers become wider, as seen from the 20-30% increase of the corresponding δ parameters upon going from dilute to concentrated solutions. Similarly, the separation of the first two layers is always larger than that of the second and third layers, and this difference increases from about 3% to 10% upon going from dilute to concentrated solutions. Further, not only the difference between the separations of the first and second, and that of the second and third layers (i.e., ∆X c (1-2) -∆X c (1-3)) increases with increasing HCN content, but also these inter-layer separations (i.e., the ∆X c values) themselves. All these findings indicate that the molecules are less tightly packed at the liquid surface than in the bulk liquid phase, and this effect is more pronounced around the HCN than around the water molecules. The reason for this less compact arrangement of the molecules at the interface is probably related to the fact that the orientational preferences of these molecules imposed by the vicinity of the vapor phase is not fully compatible with their tightly packed arrangement, which dominates in the bulk phase. The point concerning the interfacial orientation of the molecules is addressed in detail in a subsequent subsection. 
The parameters ξ and a, corresponding to the steepness of the Figure 6 , whereas the a and ξ parameters corresponding to all the three subsurface layers are collected in Table 3 . As is seen, with increasing HCN concentration the liquid surface gets rougher both in terms of frequency and amplitude, as the ξ and a parameters increase by about 15% and 30%, respectively, upon going from neat water to neat HCN. It is also seen that the surface layer is always somewhat rougher than the subsequent molecular layers, as the ξ parameter is about 15%, whereas a is about 8-10% larger in the first than in the second and third layer in every case. On the other hand, no considerable difference is seen between the roughness of the second and third layers in any case. This finding is illustrated by the inset of Considering our above finding that surface HCN molecules tend to stay at the outer edge of the surface layer, the lateral self-associates of the surface HCN molecules can be regarded as patches floating at the surface of the liquid phase.
To quantify the extent of this self-association one can determine the area of the largest circular voids when HCN molecules are disregarded from the analysis (as these voids are the surface portions that are covered by HCN self-aggregates), and compare this value to the average area occupied by a single HCN molecule (i.e., the mean value of P(A)) as obtained in 
Dynamics of Exchange of the Molecules between the Surface and the Bulk.
The dynamics of exchange of the molecules between the surface layer and bulk of the liquid phase can be characterized by the survival probability of the molecules in the surface layer, L(t), i.e., the probability that a molecule that belongs to the surface layer at t 0 will stay at the surface up to t 0 + t. In order to distinguish between the situations when the molecule leaves the surface permanently, and when it is only absent from the surface at a certain instant due to an oscillating move, departure of a molecule from the surface layer is allowed between t 0 and t 0 + t, given that it returns to the surface layer within ∆t. Taking into account the typical time scale of such molecular oscillations, ∆t is set here to its conventionally used value of 2 ps.
Considering also that two consecutive sample configurations are always separated by an 1 ps long trajectory, this choice of ∆t practically means that molecules are considered as left the surface layer if they are absent from this layer in two consecutive sample configurations. To avoid any possible arbitrariness corresponding to the particular choice of ∆t, we have repeated all the calculations with the ∆t value of 1 ps (i.e., when the definition does not allow the molecules to be out of the surface layer even in a single sample configuration), but it did not change any of the conclusions of this analysis.
Since the permanent departure of the molecules from the surface layer is a process of first order kinetics, the L(t) data can be very well fitted by the exponentially decaying function exp(-t/τ), where τ is the mean residence time of the molecules at the surface.
The L(t) survival probabilities of the water and HCN molecules in the surface layer of the different systems simulated are shown in Figure 9 , whereas the τ values corresponding to the first three subsurface molecular layers are included in Table 3 . To emphasize the exponential decay of the survival probability, Fig. 9 shows the obtained L(t) data on a logarithmic scale. As is immediately seen, the τ values in the second and third layers are always an order of magnitude smaller than in the first layer, being comparable with the time window of ∆t = 2 ps used in the analysis, indicating that defining the residence time in the second and subsequent molecular layers is physically already meaningless. In other words, the vicinity of the interface affects solely the first molecular layer beneath the liquid surface in this respect, whereas, from the dynamical point of view, the second subsurface molecular layer already belongs to the bulk liquid phase.
More importantly, it is seen that HCN molecules stay, on average, considerably longer at the liquid surface than the water molecules, and this difference is larger when the solution is more dilute. Thus, in the 3% HCN system the mean residence time of the HCN molecules at the surface is about 8 times larger than that of the water molecules, whereas this ratio is only about 3 in the 30% HCN system. The mean residence time of the water molecules at the surface decreases parallel with that of the HCN molecules as the HCN concentration of the system increases. Thus, the presence of HCN speeds up the dynamics of exchange of the water molecules between the surface layer of the liquid phase and the bulk. These results indicate that in dilute solutions the HCN molecules are not only strongly adsorbed at the liquid surface, staying preferably at the outer edge of the surface layer, and exhibit strong lateral self-association resulting in large interfacial HCN clusters, but also stay for unusually long time, an order of magnitude longer than water molecules, at the surface of the liquid phase. In other words, the floating patches of HCN are rather stable, staying at the liquid surface for rather long time.
Surface Orientation. The orientation of a rigid molecule of general shape relative
to an external direction (or plane) can only be described by two orientational variables, whereas that of molecules of C ∞v symmetry (e.g., linear ones) can already be described by one single variable. Therefore, the orientational statistics of the water molecules can be fully is seen at the cosα value of -1, being larger in more dilute systems, indicating the secondary preference of the neighboring HCN molecules for antiparallel relative alignment. All these orientational preferences are illustrated in Figure 14 .
The observed preferred relative alignment of the neighboring surface HCN molecules is in a full accord with the assumed strong dipolar interactions within the surface layer. These dipolar interactions can further stabilize the HCN patches floating at the liquid surface, and can be, at least partly, be responsible for the unusually long residence time of the HCN molecules in the surface layer.
Summary and Conclusions
In this paper we presented a detailed investigation of the intrinsic surface of aqueous HCN solutions of different concentrations by means of molecular dynamics computer simulation and ITIM analysis. One of the most important findings of this study is that HCN molecules are strongly adsorbed at the surface of the liquid phase despite the full miscibility of HCN with water. Thus, in dilute solutions even about an order of magnitude larger HCN concentrations can be found at the surface layer than in the bulk liquid phase. In addition, the larger the bulk phase HCN concentration is, the more subsurface layers are involved in HCN adsorption, resulting in significant enrichment of HCN also in the second and third subsurface molecular layers as compared to the bulk liquid phase. Another interesting feature of the surface HCN molecules is that they prefer to stay at the outer edge of the surface layer, being noticeably closer to the vapor phase than the surface water molecules. Also, all the three subsurface layers become wider with increasing HCN concentration. As a consequence of this chaotropic nature of HCN, the molecules are less tightly packed at the liquid surface than in the bulk liquid phase, and hence the liquid surface gets rougher with increasing HCN concentration.
Besides the aforementioned strong adsorption, the local HCN concentration is found to be even further increased at certain patches of the liquid surface by the strong self-association tendency of the like molecules, detected by Voronoi analysis of the surface layer.
Furthermore, the mean residence time of the HCN molecules at the liquid surface is found to be considerably longer than that of the water molecules, and the more dilute the solution is, the longer can HCN molecules stay at the liquid surface. All these findings indicate that the 
